We describe an interactive, immersive 3D system called Trucktur, which allows a viewer to track the development of a turbulent flow. Tracktur displays time-varying vortex structures extracted from a numerical flow simulation. The user navigates the space and probes the data within a windy 3D landscape. In order to sustain a constant frame rate, we enforce a fixed polygon budget on the geometry. In actual use by a fluid dynamicist, Tracktur has yielded new insights into the transition to turbulence of a laminar flow.
Introduction
Simulating the evolution of a turbulent spot has consumed thousands of CPU hours (on a Cray 2, Cray YMP, and YMP C-90 over the course of 2.5 calendar years) [ 11. We wish to animate 230 time steps produced by the simulation, which are archived as hundreds of gigabytes of data. How does one visualize this large amount of time-varying data at interactive speeds?
A new technique for locating vortices in an unsteady flow [2] compresses the volumetric flow-data by a factor of more than a thousand. This amount of compression seemed to promise interactive visualization of a massive time-varying dataset. We therefore developed a visualization system, Tracktur, that uses the compressed vortex representation to help track the development of a turbulent flow [3] . Tracktur uses a graphics workstation, 3D tracking, and a stereoscopic display to create a virtual 3D environment populated by time-varying vortex tubes.
The Interactive Environment
Our target user is the theoretical flow physicist who produced the time-varying dataset. From his perspective, the significant features of the simulation include the flat plate, the fluid flowing over it, the vortex structures, and the units of the computational domain (both spatial and temporal). The combination of a plane with a continual flow over it suggested to us a windy landscape. Permission to copy without fee all or part of this material is granted provided that the copies are not made or distributed for direct commercial advantage, the ACM copyright notice and the title of the publication and its date appear, and notice is given that copying is by permission of the Association of Computing Machinery, To copy otherwise, or to republish, requires a fee and/or specific permission. 1995 Symposium on Interactive 3D Graphics, Monterey CA USA Q 1995 ACM 0-69791-736-7/95/0004...$3.50
One of our early design decisions was to make generous use of texture maps to enrich the virtual world. A grid-texture was an obvious choice for the ground plane, with stenciled textures added to denote streamwise units of the domain. To indicate the freestream velocity, we animate a cloud-texture on two distant walls. Textures denote the upstream and downstream directions. Surrounded by a textured landscape, a viewer is given persistent reminders of the spatial context he is operating within. The 3D widgets in the environment are also textured to eliminate the cartoon quality that constant-colored polygons convey.
In an actual wind-tunnel experiment, the vortex structures would be only millimeters in size and the free-stream velocity would be about 30 meters per second. The lifetime of the turbulent spot would be less than a second. Tracktur displays the 3D animation at more human scales: the geometry is larger and the simulation lasts longer, each by about three orders of magnitude.
We want to help the scientist comprehend the spatial evolution of a turbulent spot; since the spot convects downstream, we let the viewer be convected along with it to keep it in the field of view. Widgets are convected downstream with the viewer to remain within reach. A time-slider advances to mirror the current time step in the animation; alternatively. the viewer can set the current time step by adjusting the slider. Shadows on the ground plane provide a depth cue at only a small penalty in performance [4] . The viewer can select surface, wire-frame. or fat-line representations of the geometry. The fat-line segments (through the core of the vortices) are given widths to match the thickness of the tube and are illuminated as one-dimensional fibers [5] in order to convey shape from shading.
We also want to permit routine measurements of flow quantities. The viewer is given a data probe -a ray emanating from the pointing device in the virtual environment. Tracktur locates the nearest point on a vortex core to the probe ray, then displays attributes (such as spatial position of the point) in a pop-up panel.
3D Toolkits
Tracktur is constructed from several component libraries, including public-domain toolkits. The Minimal Reality toolkit [6] provides the basis of a through-the-window interface that uses stereoscopic display and 3D tracking for the head and hand. The CAVE version of the application [7] uses code developed by the Electronic Visualization Laboratory [8] .
We developed a custom toolkit to implement 3D menus (using Hershey fonts), buttons, and sliders. We also developed a calibration tool for the 3D trackers to determine the proper matrix transforms. The user interactively aligns coordinate axes (displayed on the screen) to establish the correct rotation matrix. The various transformations are written to a file and need not be recomputed unless the equipment is moved.
A backward-tilted S-shaped vortex head that develops in the late stages of transition from a laminarflow to a turbulent spot.
The Fixed Polygon Budget
A difficult aspect of developing an interactive system is preserving a fixed frame rate. Our scene-updates are typically dominated by the time spent drawing the vortex tubes. so we budget a fixed number of polygons with which to model them. The turbulent spot increases in geometric complexity as the simulation progresses: a single vortex tube at time 28 develops into about 150 tubes at time 221. An SGI Onyx with RealityEngine? graphics sustains about I5 frames per second with a fixed count of 9000 polygons.
In the early stages of the simulation, the polygon budget allows a finer resolution than we have computed. We therefore resample the vortex skeleton at a higher spatial resolution in order to exhaust the supply of polygons. But in the late stages of the simulation it is imperative to dole out the polygons in a miserly fashion. The vortex skeletons are down-sampled according to a set of heuristics designed to preserve significant geometric features. The resampling works as a filter on the original skeletal representation of the vortex core. The first sample-point is always retained. After a point is retained, subsequent points along the skeleton are rejected unless any of the following hold: l the arclength exceeds a threshold; l the integrated curvature exceeds a threshold; l the radius of the cross-section changes quickly. Sometimes a vortex skeleton enters a small spiral from which it never exits. To guard against wasted samples, WC reject points on the skeleton where the ratio of the skeleton's radius to its radius of curvature exceeds a threshold (we use the constant 0.7). These heuristics maintain a reasonable amount of geometric detail at the late stages of the simulation.
What Has Been Learned
The scientist who generated the dataset (Dr. Bart Singer) agreed to use the system to study how a turbulent spot develops. He has learned two new things about the evolution of the turbulent spot. In o::der to place them in their context, we give a brief descriptive summary of the spot's development.
First, Singer discovered a backwards-tilted S-shaped vortex head in the late stages of transition (see figure) . The vortex is similar in shape to a structure seen in experimental data for a similar flow. Singer had not observed this feature in his dataset until he used our system. Evidently, the interactivity permitted him to select the right combination of a particular viewpoint and a particular time step. This could, in principal, have been discovered. with the visualization system he was a accustomed to using, but its more limited (nteractivity made the feature much harder to lind.
Secondly. the visualization system gave Singer his first view of the dynamic behavior of "necklace" vortices, which define the outer extent of the turbulent spot. They eventually shred into pieces, curling into horseshoe and hairpin vortices. Without Trucktur, Singer had been unable to track the necklace vortices through their entire hi:jtory. These findings are initial evidence that the system can assist in the research task.
6 Conclu:sions Visualization tools can certainly communicate research results, but it is not yet clear how well they help produce research results. WC have created an interactive 3D visualization system, called Tracktur. and put it into the hands of the scientist. Tracktur provides a textured environment for examining the onset of turbulence. The viewer can navigate through the landscape and interact with a turbul,cnt spot through 3D menus, buttons, sliders. and a data probe. In the hands of a fluid scientist, the system has yielded new insights into the development of a turbulent spot.
